1.. Introduction {#s1}
================

Bone has a particular hierarchical structure and it is recognized that changes occurring at lower hierarchical levels can affect the functionalities of the whole bone \[[@RSOS160971C1],[@RSOS160971C2]\]. Many insights into the biology and biomechanics of bone tissue at multiple hierarchical levels have emerged from animal experiments. Rodent models are of prime importance as they are inexpensive, easy to breed and a relatively high number of animals can be bred concurrently \[[@RSOS160971C3]\]. Moreover, inbred rodents have negligible genetic variation, which drastically reduces biological variance \[[@RSOS160971C3]\]. Mouse models, in particular, can be used for gene targeting technologies and antibody-mediated suppression of protein functions \[[@RSOS160971C3]\], which are crucial for investigating the genetic fingerprint of bone cells expression. Despite the fact that rodents have become the preferred system for bone research \[[@RSOS160971C4]\], there is still a lack of knowledge on the mechanical behaviour of mouse bone. A deeper understanding of the mechanics in different directions is required to better comprehend the effect of any treatments on the bone tissue.

In recent years, nanoindentation has emerged as a powerful technique for investigating the micromechanical properties of bone \[[@RSOS160971C5]\]. In nanoindentation measurements, a tip penetrates the material while the reaction forces and the depth of penetration are recorded. From this data, parameters related to the stiffness and strength of the indented region can be determined \[[@RSOS160971C5]\]. This technique allows the decoupling at the microscopic scale of the mechanical properties in multiple directions. In particular, the transverse direction may be strongly correlated to bone strength. It is known that most fractures in long bones are rarely owing to mere flexion, but also owing to compressive and torsional forces \[[@RSOS160971C6],[@RSOS160971C7]\]. Moreover, torsion of long bones generates circumferentially oriented shear stresses inside the structure. These stresses can consequently create longitudinal microcracks in the osteons, which can contribute to fatigue failure in cortical bone \[[@RSOS160971C6]\]. It was already observed that shear stresses can induce microcracks generated by shear displacements in bovine cortical bone \[[@RSOS160971C8]\]. Although mouse cortical bone does not present an osteonal structure, microcracks have also been shown to occur in rodents \[[@RSOS160971C8],[@RSOS160971C9]\], and to form preferentially along longitudinal canals \[[@RSOS160971C10]\]. Furthermore, the femoral numerical crack density in rats was found to be considerably greater than in the bovine tibia \[[@RSOS160971C8]\].

Despite the fact that there are many studies on human or bovine cortical bone focused on the mechanical properties in both longitudinal and transverse directions \[[@RSOS160971C11]--[@RSOS160971C21]\], investigations into the mouse bone transversal direction have been fewer in number \[[@RSOS160971C22]--[@RSOS160971C24]\]. However, a deeper comprehension of bone anisotropy could help understand the basic mechanical properties of mouse cortical bone.

The aim of this study is to shed light on the micromechanical properties along the longitudinal and transverse directions in the mouse femoral shaft and to determine a relationship between them. We expect to find significant differences between properties in these directions because of the anisotropic organization of the bone matrix. To understand the structure--property relationship of mouse bone, micromechanical properties were measured on the same mice, as it is well known that micromechanical properties between two different animals can greatly differ \[[@RSOS160971C5]\]. In particular, three regions of the femoral shaft of mice with completely matured cortical bone were selected and the reduced modulus and hardness were measured by arrays of indentations. Our findings could help to design future studies, because if a constant anisotropy ratio is found, the properties in the orthogonal direction could possibly be inferred from data in a single direction only.

2.. Material and methods {#s2}
========================

2.1.. Specimen preparation {#s2a}
--------------------------

Nine C57BL/B6 mice were sacrificed with cervical dislocation at the age of 22 weeks and immediately stored in a freezer at −20°C. All animal procedures were approved by the local veterinary authorities (Kantonales Vetrinaeramt Zürich, Zürich, Switzerland). The mice were subsequently thawed and both femurs extracted ([figure 1](#RSOS160971F1){ref-type="fig"}*a*(i)). The proximal part of the femur was disconnected at the end of the third trochanter and the distal part was removed at the end of the condyle with a wire saw (WELL Diamond Wire Saw, LeLocle, Switzerland) to facilitate handling of the femoral shaft ([figure 1](#RSOS160971F1){ref-type="fig"}*a*(ii)). To cool down the wire during the cut, the wire saw liquid tank was filled with phosphate buffered saline (PBS) solution. Epoxy resin (EpoxiCure, Buehler, Lake Bluff, IL, USA) was then used to embed the shafts ([figure 1](#RSOS160971F1){ref-type="fig"}*a*(iii)). This embedding medium was selected to avoid infiltration of the polymer in the bone porosity, which is greatly limited owing to its high viscosity and fast solidification. The bones were then cut longitudinally in order to expose their posterior part, 100 µm before the central coronal plane. The surfaces were polished using increasing grades of carbide papers (P1200, P2500 and P4000), using abundant quantities of PBS as a cooling agent. An alumina solution of grain size 50 nm mixed with PBS was used for the final polishing. After this procedure, the central coronal plane was exposed ([figure 1](#RSOS160971F1){ref-type="fig"}*a*(iv)). Finally, an ultrasonic bath with PBS was performed for 120 s to remove all residues. Figure 1.(*a*) Schematic of the sample preparation procedure. (*b*) Location of the indentations on the mouse femur in the proximal (P) central (C) and distal (D) regions. (*c*) Image reporting the location of the indentations in the transverse direction (white triangles). Visible lacunae were carefully avoided.

After testing along the transverse direction ([figure 1](#RSOS160971F1){ref-type="fig"}*b*), samples were ground and polished to expose femur cross sections. To ensure the perpendicularity of the surface to the bone long axis, a special custom-made holder was used during grinding and polishing procedures. Carbide papers P320 and P500 were used to remove material. When approaching the surface of interest, carbide paper P1200, P2500, P4000 and alumina solution were used for the final polishing as explained above. Three femoral shaft cross sections per sample corresponding to the proximal, central and distal positions along the long axis of the bone were exposed for testing in the longitudinal direction ([figure 1](#RSOS160971F1){ref-type="fig"}*b*). These three testing locations were selected in order to have distinct regions on the femur shaft, which were as far apart as possible but still on the cylindrical portion of the shaft. All samples were then washed in an ultrasonic bath as previously described.

Finally, samples were wrapped in PBS-soaked gauze, snap-frozen and stored at −20°C. Directly before testing, samples were thawed and subsequently immersed in PBS at room temperature for 30 min to assure hydration.

2.2.. Nanoindentation tests {#s2b}
---------------------------

This subchapter starts by describing the characteristics of the indentations we performed. The locations of the indents are subsequently explained in §2.2.1 and 2.2.2. Before testing, the topography on regions of at least 0.01 mm^2^ of all polished surfaces was measured with an optical profilometer (PLu neox, Sensofar-Tech, Terrassa, Spain). Linear profilometries with a total length of 2 mm were traced on these surfaces, avoiding canals and lacunae present on the lines. The profilometries were analysed with S[enso]{.smallcaps}M[ap]{.smallcaps} 6.1 (Sensofar-Tech, Terrassa, Spain). The average sample surface roughness (Ra) was controlled in the region to be indented and only surfaces with roughness of less than 0.05 µm were accepted for indentation \[[@RSOS160971C25]\].

Nanoindentation tests on the femoral shafts were performed with a TI 900 Triboindenter (Hysitron Inc., Minneapolis, MN, USA) with a Berkovich tip. A fused silica reference sample was used to calibrate the tip area function and machine compliance by performing 100 indentations between 100 and 10 000 µN maximum force \[[@RSOS160971C26]\]. A ramp-and-hold protocol with a maximal load of 6000 µN was applied. A loading rate of 300 µN s^−1^, a holding time of 30 s at maximal load and an unloading rate of 900 µN s^−1^ were chosen to perform the measurements. The 30 s holding time was adopted to eliminate creep effects \[[@RSOS160971C27]\]. Sets of six indentations each were performed for the three regions in each sample. At the beginning of each set, an optical calibration was performed on an aluminium reference sample to ensure the correct positioning of the tip on the sample. All indentations were located in the cortical bone at equal distance from the periosteum and the endosteum ([figure 1](#RSOS160971F1){ref-type="fig"}*c*). A 100 µm distance from the edge of the orthogonal surface was taken for avoiding regions where grinding or cutting might have generated microfractures in the bone. Rows of indentations with 30 µm spacing were taken at each site. Since the area of imprint was approximately 10 µm^3^, which corresponds to a contact diameter of about 7 µm, no overlap between indents occurred \[[@RSOS160971C21]\]. A total of 648 indentations were performed.

The Oliver--Pharr method \[[@RSOS160971C28]\] was applied to evaluate the reduced modulus and hardness of the tissue from the unloading branch of the load--depth indentation curve. This method assumes that the unloading part of the load--displacement graph is linear elastic, which explains the elastic contact stiffness (*S*) and the reduced elastic modulus (*E*~r~) as follows: $$E_{r} = \frac{1}{\beta}\frac{S\sqrt{\pi}}{2\sqrt{A}}\,,$$ where *β* is the geometrical parameter and *A* is the contact area. The value for *S* was evaluated by fitting the unloading segment from 95% to 40% of the maximum load. The hardness (*H*) can be found as the maximum load (*P*~max~) divided by the contact area (*A*): $$H = \frac{P_{\max}}{A}.$$

### 2.2.1.. Experiments in the transverse direction {#s2b1}

The proximal indentations in the transverse direction were located distally from the third trochanter of the femurs on their lateral side. This corresponds to 45% of the whole femoral length. The central indentations in the longitudinal direction were performed at 65% of the total femoral length, whereas the distal indentations were performed at 80% of the whole femoral length ([figure 1](#RSOS160971F1){ref-type="fig"}*b*). Before every set of six indentations, the sample was re-immersed in PBS for 5 min for rehydration and the surface was wiped with Kimtech tissue paper (Kimberly-Clark, Irving, TX, USA) to remove excessive water.

### 2.2.2.. Experiments in the longitudinal direction {#s2b2}

Indentations in the longitudinal direction were located in accordance with the indentation location in the transverse direction. The cross sections were indented at 45% (proximal), 65% (central) and 80% (distal) of the femoral length, starting proximally. The indentations were performed in a curved line to keep indentations in the central portion of the cortical bone ([figure 1](#RSOS160971F1){ref-type="fig"}*b*).

2.3.. Statistical analysis {#s2c}
--------------------------

Statistical analysis was performed using R Statistical Software (Foundation for Statistical Computing, Vienna, Austria). Student\'s *t*-tests were performed between the longitudinal and transverse directions in the three regions of interest (proximal, central and distal locations), on reduced modulus and hardness for both orientations (e.g. reduced moduli of indentations in the transverse direction in a proximal location versus reduced moduli of indentations in the longitudinal direction in a proximal location). A one-way ANOVA with Bonferroni\'s *post hoc* test was performed between the three regions of interest on reduced modulus of indentations in the same orientation. It was, therefore, performed between the proximal, central and distal locations. The same statistical analysis was also performed for hardness in the mentioned regions. Moreover, a paired sample *t*-test was performed between the results obtained on left femurs and right femurs. Mean reduced moduli and hardness between the respective regions (e.g. reduced moduli in the transverse central region of left versus right femurs) were tested for bilateral differences. For investigating possible correlations between the longitudinal and transverse direction for reduced modulus and hardness, the Pearson product--moment correlation coefficients were computed.

3.. Results {#s3}
===========

[Figure 2](#RSOS160971F2){ref-type="fig"} depicts examples of load--displacement curves obtained in this study. [Figure 2](#RSOS160971F2){ref-type="fig"}*a* shows representative curves for longitudinal (red curve) and transverse (blue curve) directions in the central region of sample M1 L (mouse 1, left leg). A difference in penetration depth is evident. [Figure 2](#RSOS160971F2){ref-type="fig"}*b* presents load--displacement curves obtained for the six indents along the longitudinal direction in the proximal region of sample M1 L. Indents within the same region tend to have similar penetration depth. Figure 2.(*a*) Representative indentation curves along the longitudinal and transverse directions in the central regions of sample M1 L (mouse 1, left leg). (*b*) Load--depth curves obtained for the six indents along the longitudinal direction in the proximal region of sample M1 L.

Two set of indentations were discarded owing to a misplacement of the indents (transverse indentation of samples M4 L central and M5 L distal). Mean results for reduced modulus of the set of six indents for the transverse and longitudinal directions range between a minimum mean of 6.75 ± 0.50 GPa (sample M2R, transverse direction, proximal region) and a maximum mean of 23.81 ± 2.47 GPa (sample M5R, longitudinal direction, proximal region). Mean hardness for the set of six indents along transverse and longitudinal directions range between a minimum of 0.38 ± 0.068 GPa (sample M5R, transverse direction, central region) and a maximum of 0.82 ± 0.092 GPa (sample M6R longitudinal, proximal region). The results of reduced modulus and hardness for each set of indentations in the form of bar charts can be found in the electronic supplementary material, figure S.1.

The mean values and standard deviations of reduced modulus and hardness for the three analysed regions (proximal, central and distal) are reported in [figure 3](#RSOS160971F3){ref-type="fig"} (numerical values provided in the electronic supplementary material, table S.1). The anisotropy ratio is defined as the ratio between the longitudinal and transverse values of the mechanical property of interest. Mean anisotropy ratios for both measurements are also shown in [figure 3](#RSOS160971F3){ref-type="fig"}. Anisotropy ratios for the reduced modulus are of 1.72 ± 0.40 (proximal), 1.75 ± 0.69 (central) and 1.34 ± 0.30 (distal), whereas ratios for the hardness are of 1.35 ± 0.27 (proximal), 1.35 ± 0.47 (central) and 1.17 ± 0.19 (distal). We observed significant differences between the longitudinal and the transverse direction for both reduced modulus and hardness. *p*-value is lower than 0.001 in all cases except for the hardness between the two directions in the distal position (*p* \< 0.01). Moreover, significantly lower values of reduced modulus in the longitudinal direction are detected in the distal region as compared to the proximal and central regions (*p* \< 0.01), whereas for hardness in the longitudinal direction only the proximal region significantly differs from the distal region (*p* \< 0.01). No statistical difference was observed in the mean reduced modulus and hardness between the results from the left and right femurs in the transverse and longitudinal directions. Figure 3.Bar charts showing the mean value and standard deviation of reduced modulus (*E*~r~, *a*) and hardness (*H*, *b*) in the longitudinal and transverse directions in the three analysed regions. Mean anisotropy ratio for each measurement is also reported.

A scatter plot of the reduced modulus and hardness values in the two orthogonal directions is depicted in [figure 4](#RSOS160971F4){ref-type="fig"}. No correlation is observed between longitudinal and transverse directions for either reduced modulus or hardness. Figure 4.Scatter plot for the reduced modulus (*E*~r~, *a*) and hardness (*H*, *b*) found in the two orthogonal directions in the proximal, central and distal locations. Each element in the plot represents a specific location (proximal, central or distal) of the same femur (18 femurs in total). Two points were removed (central and distal regions) owing to a misplacement of two set of indentations. No correlation was found.

Reduced modulus and hardness for each single indentation can be found in the electronic supplementary material in .xls and .sav format.

4.. Discussion {#s4}
==============

This study aims at the investigation of the anisotropic mechanical properties of the mouse femur by performing indentation tests in transverse and longitudinal directions in three locations of the femoral shaft. The mechanical properties of mouse cortical bone were already evaluated at the microscale in various studies \[[@RSOS160971C29]--[@RSOS160971C32]\]. The values of reduced modulus and hardness found in this work are lower compared to those of the literature data on mouse bone. Differences in the indentation protocol and method used for data analysis can influence the results \[[@RSOS160971C5]\]. Nevertheless, the main factor leading to these higher values is tissue dehydration. In our study, experiments were performed on wet bone, whereas most studies are performed on dry tissue, which causes an increase of both reduced modulus and hardness by 20--30% \[[@RSOS160971C33]\]. This holds true also for studies on human or bovine bone \[[@RSOS160971C33]--[@RSOS160971C35]\]. Other studies with experiments performed in a wet environment and along orthogonal directions found results in line with our data \[[@RSOS160971C36]--[@RSOS160971C38]\].

Large animals present structures which encompass many hierarchical levels and make a comparison with the simpler circumferential lamellar structure of the mouse femur rather difficult. Collagen fibres\' orientation within the osteon is believed to be the principal reason for differences in the micromechanical properties in cortical bone along different directions in large animals and humans \[[@RSOS160971C20],[@RSOS160971C39]--[@RSOS160971C41]\]. Rodent bone does not present an osteonal structural organization, but their collagen fibres are also mainly oriented in an axial direction in their long bones \[[@RSOS160971C42]\]. Literature studies on human and bovine bone found an anisotropy ratio of around 1.5 for the elastic properties at the microscale \[[@RSOS160971C13],[@RSOS160971C14],[@RSOS160971C17],[@RSOS160971C18],[@RSOS160971C43]--[@RSOS160971C45]\]. Hardness was investigated in significantly less studies with anisotropy ratios varying from 1.1 to 1.3 \[[@RSOS160971C17],[@RSOS160971C18],[@RSOS160971C44]\]. The mentioned ratios are similar to what is obtained in our study on mouse femurs (see Results section and [figure 3](#RSOS160971F3){ref-type="fig"}). A difference in the anisotropy ratio between reduced modulus and hardness is also found. While the reduced modulus represents the elastic behaviour of the tissue, the hardness is related to failure mechanisms such as slippage at the collagen--mineral interface \[[@RSOS160971C46]\], phase transformation of the mineral phase \[[@RSOS160971C47]\] and sacrificial bond disruption between fibrils \[[@RSOS160971C48]\] that determine its inelastic deformation. As the hardness of the tissue is less anisotropic than its reduced modulus, there is evidence that these inelastic phenomena contribute to a reduction in the anisotropy in the failure behaviour compared with the elastic behaviour.

The mean anisotropy ratios of the reduced modulus and hardness found in this study ([figure 3](#RSOS160971F3){ref-type="fig"}) are similar in the proximal and central regions. However, lower values are obtained in the distal region. This difference can be attributed to the micromechanical properties in the longitudinal direction, which differ from proximal and central regions. Indeed, the mean value of the distal longitudinal indentations is significantly lower to at least one of the other two groups of longitudinal indentations for both the reduced modulus and hardness (*p* \< 0.001). It is challenging to find a reason for the behaviour in this region of the femoral shaft, as differences in mechanical properties compared with the other two regions are not found in the transverse direction. It is possible that the change in geometry in this part of the femoral shaft leads to these lower values, since the distal part of the femur tends to gradually increase its diameter towards the condyle. This could cause the collagen fibres to no longer be parallel to the indentations in the longitudinal direction. On the other hand, transverse indentations could still be perpendicular to the collagen fibres, a fact that would justify the similarity of the results in the proximal and the central region.

In studies focusing on the microscopic properties of bone, a higher variance in modulus and hardness of the indentations in the transverse direction is often observed \[[@RSOS160971C13],[@RSOS160971C14],[@RSOS160971C17],[@RSOS160971C18],[@RSOS160971C49]\]. This is also the case for our experiments, where the relative standard deviation in the transverse direction is always higher compared to the longitudinal direction. This general behaviour could possibly be explained by the structure of the collagen bundle. It is hypothesized that the collagen fibres tend to structure themselves in bundles which might be cemented together owing to non-collagenous proteins \[[@RSOS160971C50],[@RSOS160971C51]\]. Therefore, the larger variability in mechanical responses when indenting perpendicularly to them might be because of the presence of a less heterogeneous structure in the transverse compared with the longitudinal direction owing to the preferred axial directionality of the bundles. However, these remain hypotheses since the existence of bundles is still debated. It is also worth noticing that the higher variation of elastic properties in the transverse direction was observed at the mesoscale in cortical portions of long bones in larger animals \[[@RSOS160971C13],[@RSOS160971C19],[@RSOS160971C49],[@RSOS160971C52]\] and it also seems that the larger variability when indenting perpendicularly is reflected at the whole bone level.

It is known from the literature that a strong correlation exists between the reduced modulus and hardness in the same direction \[[@RSOS160971C53]\]. High correlation was found also in our data (transverse *R*^2^ = 0.81, *p* \< 0.01; longitudinal *R*^2^ = 0.68, *p* \< 0.01). On the other hand, it is interesting to observe that no correlation was found between the transverse and longitudinal direction within single regions either for the reduced modulus or for hardness ([figure 4](#RSOS160971F4){ref-type="fig"}). Apparently, the micromechanical properties of the bone in the longitudinal direction seem not to be a strong predictor of the properties in the transverse direction and vice versa.

Some limitations of this study warrant discussion. The microscope positioning system was calibrated relative to the nanoindenter before every set of indentations to assure that the indent location was effectively distant from the lacunae. However, it is uncertain whether a lacuna might be positioned under the indentation point and hence jeopardize the results. Our set encompassing six indentations should partially correct this potential bias. Owing to the high number of indentations, multiple freezing and thawing of the samples was necessary. This procedure has the potential to partly alter mechanical properties. However, we paid attention to creating conditions for a rapid transition from 0°C to −10°C, as this is known to be critical for avoiding destructive ice crystals \[[@RSOS160971C5]\]. In this study, we did not perform whole bone mechanical testing (e.g. torsion testing or 3-point bending) owing to the limited amount of samples at our disposal. However, this might have been beneficial in order to better understand the implications of the micromechanical properties at a whole-bone level.

5.. Conclusion {#s5}
==============

In this paper, we investigate the anisotropic micromechanical properties of the mouse femur by nanoindentation. The reduced modulus and hardness of femoral mouse cortical bone were measured in three distinct regions both in the longitudinal and transverse directions. Anisotropy ratios were found in proximal, central and distal regions of the mouse femur shaft. However, a clear intrasample correlation between the transverse and longitudinal planes in terms of elastic properties and hardness is missing. This leads to a high standard deviation of the anisotropy ratios in all three of the analysed regions. Therefore, it seems that relevant mechanical properties on orthogonal planes cannot be inferred from measurements in a single direction in individual samples. This finding suggests that the measurement of micromechanical properties in the femoral shaft in multiple directions is necessary in order to obtain a precise phenotyping.
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